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BfCTIOK y 
ABSTRACT 
Sialons are a new range of high strength, refractory materials 
which can be prepared by hot-pressing mixtures of s i l i c o n n i t r i d e 
( S i 3 N 4 ) and alumina (AlgOj) at temperatures of about 1700°C. The 
resulting ceramics have a general formula 
Sifi_„Al 0 No 0 z z z 8-z 
where z may vary from 3 to 4. Their c r y s t a l structure i s s i m i l a r 
to that of Si^N^ but i s replaced by 0 2~ and, to effect charge 
compensation, S±^+ i s replaced by A l ^ + , ' Charge compensation can 
also be achieved by introducing other metal ions such as L i + , Na+, 
Mg 2 + and Y^ +. This leads to an even greater possible range of 
ceramics. The present work i s concerned with one group of these, 
the lithium s i a l o n s . 
The small amount of previous work on the e l e c t r i c a l properties 
of lithium sialons was confined to preliminary measurements of d.c. 
conductivity. Here the e l e c t r i c a l behaviour of a range of lithium 
sialons has been studied and then compared with that of pure sialons 
and an yttrium s i a l o n glass i n order to determine the conductivity, 
mechanism operating within the lithium s i a l o n samples. 
The orders of magnitude of conductivity encountered lay between 
10""7(ohm. cm) - 1 and 10"*5( ohm cm)-''". Techniques have been developed 
for the measurement of d.c. conductivity ( o - ^ ) from room temperature 
to 800°C and of a.c. conductivity ( o a c ) from 20 Hz to 25 kHz over 
the same temperature range. The measurements a l 3 0 enabled d i e l e c t r i c 
constant and losses to be determined at the some temperatures and 
frequencies. The r e s u l t s showed the presence of two conductivity 
regimes, one above and one below about 400°C. I t has also been 
observed that o^ c decreases as a r e s u l t of passing current 
through the specimen and a preliminary examination of t h i s 
apparent s o l i d s t a t e e l e c t r o l y s i s has been made. A l l the 
re s u l t s are discussed i n comparison with the av a i l a b l e data 
on pure sialons and some other nitrogen ceramics. 
CONTENTS 
ABSTRACT 
CHAPTER 1 INTRODUCTION 1 
1-1 The Nature of Ceramics 1 
1- 2 Scope of the Present Work 3 
CHAPTER 2 PRODUCTION, COMPOSITION AT!D ANALYSIS OP SIALONS 5 
2- 1 Fabrication of Nitrogen Ceramics 5 
2-2 S t r u c t u r a l Aspects of Pure Sialona 8 
2-3 Extension to Lithium Sialons 
2- 4 Yttrium Sialons 1 4 
.2-5 Chemical Analysis of Samples ^ 
CHAPTER 3 EXPERIMENTAL TECHNIQUES 1 8 
1 ft 
3- 1 Sample Preparation 
3-2' Sample Mountings ^9 
3-3 E l e c t r i c a l Measurements 
3-4 X-Ray Methods 2 8 
3- 5 Optical Absorption ^ 
CHAPTER 4 RESULTS 1 - INSULATION BEHAVIOUR ' ..30 
4- 1 D.C. Insulation Behaviour 30 
4- 2 A.C. Insu l a t i o n Behaviour 36 
CHAPTER 5 RESULTS 2 - CONDUCTIVITY MECHANISMS 43 
5- 1 Theory of Hopping 43 
5-2 D.C. Results 45 
5-3 A.C. Results 51 
5-4 Discussion on Conductivity 53 
5- 5 D i e l e c t r i c Constant and Loss Results 55 
CHAPTER 6 COMPARISON WITH OTHER MATERIALS 6 5 
6- 1 Comparison with Pure Sialons ^ 
6-2 Comparison with Yttrium Sialon Glass .^0 
6-3 Future Work 
APPENDIX 1 X-Ray Powder Photographs of a Lithium Sialon 8 0 
APPENDIX 2 Optical Spectra of Various Sialons 81 
REFERENCES 8 4 
-1-
CHAPTBR. 1 
INTRODUCTION 
1-1 The Nature of Ceramics 
The materials which were described by the Greek word "keramos" 
meaning burnt s t u f f , have mushroomed into a ceramics industry which 
now manufactures materials e s s e n t i a l for almost every realm of l i f e 
as we know i t . 
T raditional ceramics are those based on the s i l i c a t e structure 
and include porcelain, pottery, cements and glasses. I n common 
with a l l ceramics they are predominantly co-valently bonded, 
inorganic and non-metallic. Many of them are also characterised by 
extremely high melting points and have an excellent r e s i s t a n c e to 
chemical attack,, In the l a s t two decades the ceramics f i e l d has 
broadened considerably and has developed new or "Special Ceramics" 
i n response to the demand from modern technology for ever greater 
e f f i c i e n c y and the higher operating.temperatures associated with i t . 
Many of these s p e c i a l ceramics have been found to display novel 
properties which have proved imperative to many newer f i e l d s of 
technology. The space and computer industries are two good examples. 
Magnetic ceramics have been developed for use i n electronic memory 
c i r c u i t s . For t h i s application an almost square hysteresis loop i s 
required which the sp e c i a l ceramics have been able to offer. I n 
m i s s i l e and rocket development the nose cone and rocket throat must 
be able to withstand extreme temperatures and display good erosion 
resistance. Ceramics are now used for both. I t i s int e r e s t i n g that 
i n the generation of nuclear power, ceramic fuels, based on urania 
have proved invaluable. 
One of the most ineresting potential uses of s p e c i a l ceramics 
i s i n the development of gas turbine engines. I t i s proposed to 
-2-
use one such ceramic, s i l i c o n n i t r i d e , to manufacture the blades 
i n these engines which would enable the operating temperature to be 
raised to 1350°C. This would represent a worthwhile increase i n 
e f f i c i e n c y . 
S i l i c o n n i t r i d e has been hailed as the ceramic of the decade 
many times. I t s properties are t r u l y remarkable. I t decomposes 
at 1950°C but i t can be used up to 1870°C i n an atmosphere of helium 
or hydrogen. I t i s oxidation r e s i s t a n t i n a i r up to 1500°C due to the 
formation of a protective layer of s i l i c a . I t s thermal shock 
properties have been investigated extensively by Joseph Lucas Ltd., 
and by Newcastle University and i t has been found that a crucible 
made from s i l i c o n n i t r i d e shows no i l l effect when molten metal and 
water are a l t e r n a t e l y poured onto i t (Arrol, 1973). Further, the 
crucible displayed no signs of chemical reaction when the molten 
metal had been heated i n i t for periods of up to 30 minutes. The 
modulus of rupture of s i l i c o n n i t r i d e i s of the order of 60,000 p s i . 
Although s i l i c o n n i t r i d e does possess extremely a t t r a c t i v e 
refractory properties there are three limitations that must be 
improved before i t can f u l f i l i t s true potential. These l i m i t a t i o n s 
are: 
i ) the decrease i n oxidation resistance above 1500°C 
i i ) the decrease i n strength at high temperatures due to the 
softening of the glassy phases present 
i i i ) f a brication d i f f i c u l t i e s , p a r t i c u l a r l y inconsistency from 
batch to batch. 
One way to overcome the second d i f f i c u l t y i s to develop a ceramic 
with a more refractory bonding glass phase. This has been done by 
producing a new range of s p e c i a l ceramics from s i l i c o n n i t r i d e and 
another important refractory, alumina. As w i l l be discussed i n 
depth i n Chapter 2, these two compounds w i l l form a s o l i d solution 
i n each other. This new range of s p e c i a l ceramics, the sialons 
(see for example Jack, 1976), have been shown to have improved 
oxidation resistance? bend strengths of better than 100,000 p s i 
which do not decrease markedly with increasing temperature hav» 
been reported by Arrol (1973). The d i f f i c u l t i e s associated with 
fabrication have not been removed yet; however, they are c e r t a i n l y 
no worse i n the sialons than they are i n the o r i g i n a l s i l i c o n n i t r i d e . 
An added advantage of the sialons over s i l i c o n n i t r i d e i s the 
range of composition which i s available giving a v e r s a t i l i t y that 
could not otherwise be achieved. Sialons have the composition 
S i 6 _ z A l z 0 z N 8 _ z 
where z may vary from 0 to about 4.2. The range of properties 
available can be further extended by adding dopants to the l a t t i c e ; 
i n p a r t i c u l a r magnesium, sodium, lithium and yttrium sialons have 
been fabricated. These dopants, together with the p o s s i b i l i t y of 
al t e r i n g manufacturing conditions r e s u l t i n a range of ceramic 
materials with immense potential i n high temperature i n d u s t r i a l 
applications. 
1-2 Scope of the Present Work 
This t h e s i s i s concerned with the e l e c t r i c a l properties of one 
group of the sialo n s , namely the lithium s i a l o n s . There has been 
very l i t t l e previous work ca r r i e d out on t h i s topic, or indeed on 
the e l e c t r i c a l properties of any s i a l o n s . Jaina, i n a Ph.D. th e s i s 
(Jama, 1975) made a preliminary study of the decay of the d.c. 
conductivity of a lithium s i a l o n and Sharif at Durham University i s 
carrying out a study of the e l e c t r i c a l properties of undoped sialons, 
(Thorp and Sharif, 1976). He has measured the a.c. and d.c. e l e c t r i c a l 
conductivities of two pure sialons (z«3»2 and z=4»0) and also s i l i c o n 
n i t r i d e between 400° and 1,000°C. The r e s u l t s of t h i s work are re- . 
ported i n Chapter 6 as a comparison to the behaviour of lithium doped 
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s i a l o n s . Sharif also investigated the Hall effect and made measure-
ments of the thermoelectric power i n the two undoped samples. 
Before the present work had progressed very f a r i t was r e a l i s e d 
that 'sialons, and i n p a r t i c u l a r lithium s i a l o n s are not well behaved 
as regards correlating t h e i r e l e c t r i c a l behaviour with s t a r t i n g 
composition. The reason for t h i s may be i n t r i n s i c or i t may be that 
differences i n the r a t i o of the various phases present or even 
differences i n the s i z e s of the c r y s t a l l i t e s i n the material are 
having a major effect on the e l e c t r i c a l behaviour. I t was therefore 
decided to approach the investigation of the e l e c t r i c a l properties 
from two angles. F i r s t l y , the behaviour of the lithium s i a l o n s as 
insulators was studied; t h i s was intended purely to document the 
insula t i o n properties of the lithium sialons and to give a picture of 
th e i r value i f used as i n s u l a t i n g materials. This study was confined 
to the temperature range 20° to 870°C and the r e s u l t s are presented 
i n Chapter 4. 
I n the second part of the work an attempt was made to deduce the 
conductivity mechanism operating i n the lithium s i a l o n s . This was 
undertaken using a bridge method to measure the conductance and 
p a r a l l e l capacitance of the sample, hence giving data that could be 
correlated with the different conduction mechanism models that might 
be applicable. The r e s u l t s of the investigation, together with the 
relevant theory are discussed i n Chapter 5. Chapter 6 considers the 
effect of adding dopants to the l a t t i c e on the e l e c t r i c a l behaviour 
by comparing the r e s u l t s obtained on lithium sialons with data on 
pure and yttrium doped s i a l o n s . 
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CHAPTER 2 
PRODUCTION. COMPOSITION AND ANALYSIS OF SIALONS 
2-1 Fabrication of Nitrogen Ceramics 
Perhaps the major reason why s i l i c o n n i t r i d e has not made the 
inroads into the ceramics industry at the rate that would appear 
probable from looking at i t s excellent refractory properties, i s the 
d i f f i c u l t y associated with i t s f a b r i c a t i o n . These properties, as 
outlined i n Chapter 1 are f a r more l i k e l y to occur i n a predominantly 
co-valently bonded s o l i d , such as s i l i c o n n i t r i d e . However, the 
s e l f - d i f f u s i v i t y of such a co-valently bonded s o l i d i s extremely small 
with the r e s u l t that i t cannot be sintered to maximum density by 
f i r i n g alone. There are two methods of producing s o l i d s i l i c o n n i t r i d e 
that are now used, namely reaction bonding and hot-pressing. 
Reaction bonding involves n i t r i d i n g a s i l i c o n compact which has 
been made i n the form of the required finished product. This 
n i t r i d i n g i s carried out i n molecular nitrogen at about 1400°C which 
yi e l d s a mixture of the two forms of s i l i c o n n i t r i d e , a and p. The 
advantage of reaction bonding i s that i n t r i c a t e shapes can be 
manufactured since there i s very l i t t l e dimensional change to the 
compact during n i t r i d i n g ; i t i s also the cheaper method. However, 
the theoretical density cannot be achieved by t h i s technique and 
porosities of 25$ are t y p i c a l . The low density r e s u l t s i n some 
disadvantages, c h i e f l y that a lower than maximum strength of the 
product i s obtained and also that the oxidation resistance and res i s t a n c e 
to corrosive environments i s reduced because of the increased surface 
area. 
The second method of forming s i l i c o n n i t r i d e i s h o t - p r e s s i n g . I n 
t h i s case, powdered s i l i c o n i s f i r s t n itrided so as t o gi v e d - s i l i c o n 
n i t r i d e powder. This i s then hot-pressed i n a i r at between one and 
two tons p s i i n a graphite d i e at about 1700°C. This y i e l d s a 
maximum density, p - s i l i c o n n i t r i d e product with higher strength and 
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greater chemical resistance associated with i t as compared to the 
reaction bonded material. However, the process i s limited to simple 
shapes and i s co s t l y . I t i s not possible to use normal machining 
processes such as m i l l i n g and turning on hot-pressed materials and 
cutting and grinding can only be ca r r i e d out with great d i f f i c u l t y , 
whereas reaction bonded products can be machined i n the normal way. 
The method of hot-pressing has been extended and used by the 
research workers at the Department of Metallurgy, Newcastle University 
to manufacture the sialons investigated i n the present work (Jama, 1975)o 
The s t a r t i n g materials, shown i n Table 1 were mixed using wet m i l l i n g 
or by dry mixing i n bottles on a Pascal b a l l m i l l . The grinding 
medium used i n the wet m i l l i n g was either cyl-peb a l o r i t e (AI2O3) or 
tungsten carbide b a l l s , but with the l a t t e r tungsten was always 
observed as an impurity i n the product. After mixing, the milled 
s l u r r y was dried and the dry powder was vibromixed for a short time. 
I n both cases the mixture was then vacuum dried at 100°C over phosphorus 
pentoxide to absorb water. The dry and thoroughly mixed powder was 
f i n a l l y made into a p e l l e t to be hot-pressed. In order to hot-press 
these mixtures i t was necessary to add 1 to 2 wt$ MgO to the s t a r t i n g 
materials. The p e l l e t was buried i n boron n i t r i d e and put into a 
graphite die; the boron n i t r i d e minimised the reducing effects of the 
graphite. A pressure of about 1 ton p s i (l54 bars) was applied to the 
die which was then heated to a temperature of between 1550 and 1700°C, 
usually 1650°C. This temperature was maintained for h a l f an hour 
a f t e r which the system was allowed to cool naturally. Due to the 
high v o l a t i l i t y of most lithium compounds, weight losses occurred i n 
the majority of the products containing them as one of the s t a r t i n g 
materials. For t h i s reason i t was necessary to analyse chemically 
a l l the sial o n products investigated as w i l l be described l a t e r i n 
t h i s chapter. . 
Improvements are continuously being made i n hot-pressing and 
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reaction bonding techniques. However, i t seems u n l i k e l y that i t 
w i l l ever be possible to produce s i l i c o n n i t r i d e without a surface 
coating of s i l i c a . Apart from being an impurity t h i s has the added 
disadvantage that when s i l i c o n n i t r i d e i s used as a s t a r t i n g material 
for making s i a l o n compounds, the s i l i c a layer prevents the production 
of a single phase, homogeneous end product. The ceramic w i l l contain 
at l e a s t two phases and i n the instance where a second phase i s a low 
melting point vitreous one, as often happens, the product w i l l tend 
to soften at elevated temperatures with a consequent decrease i n the 
high temperature creep strength. Any second phase w i l l almost c e r t a i n l y 
possess a thermal expansion c o e f f i c i e n t different from that of the f i r s t ; 
as the temperature i s varied t h i s w i l l cause s t r e s s e s within the material 
which i n turn increases the p o s s i b i l i t y of cracks developing. 
2-2 Structural Aspects of Pure Sialons 
I n the same was as the s i l i c a t e s can be derived from s i l i c a , SiC-2, 
a range of nitrogen ceramics can be developed from s i l i c o n n i t r i d e , Si^N,^. 
The basic building unit of the mineral s i l i c a t e s i s the SiCvj. tetrahedron; 
each of these tetrahedra has a formal charge of -4 electronic u n i t s . 
The tetrahedra can be joined i n a number of ways leading to the diverse 
properties of the s i l i c a t e s . Some examples of the different ways i n 
which the tetrahedra can be linked are shown i n F i g . 2 i . An i r r e g u l a r 
array gives an amorphous structure as i n the s i l i c a t e glasses. 
In a s i m i l a r way nitrogen can form a tetrahedral structure with 
four nitrogen corners surrounding a c e n t r a l s i l i c o n atom. For example, 
J 3 - s i l i c o n n i t r i d e i s a covalent s o l i d b u i l t up of SiN4 tetrahedra 
joined by sharing corners i n a three dimensional network, F i g . 2 i i . 
I t would appear that Q - s i l i c o n n i t r i d e i s s i m i l a r but seems to be a 
defect structure with one i n every t h i r t y nitrogen atoms replaced by 
an oxygen atom. 
Aluminium plays a very important role i n the s i l i c a t e structures 
i n that the aluminium atom can form a tetrahedron with four oxygen 
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atoins i n the same way as does s i l i c o n . Furthermore, the A I O 4 t e t r a h e d r o n i s 
approximately the same s i z e as the SiCvj. t e t r a h e d r o n ; however, i t has an o v e r a l l 
negative charge of f i v e u n i t s as compared w i t h the -4 u n i t s f o r SiO^. Hence i t 
i s p o s s i b l e t o s u b s t i t u t e the AlO^ t e t r a h e d r o n i n t o a s i l i c a t e s t r u c t u r e i f 
valency or other charge compensation i s made elsewhere i n the m a t r i x . Since 
n i t r o g e n w i l l form a t e t r a h e d r a l s t r u c t u r e w i t h aluminium and s i l i c o n i n a s i m i l a r 
way t o oxygen, i t i s p o s s i b l e t o use a n i t r o g e n based compound t o achieve the 
r e q u i r e d charge compensation. This can be done i n s i l i c o n n i t r i d e i f f o r every 
Sl^ replaced by an A l > one 02- i s s u b s t i t u t e d f o r an N^-. Also ot h e r metal 
i o n s , e.g. L i + , 3Ja+, Mg 2 +, can be in t r o d u c e d i n a d d i t i o n t o Al3 i n order t o 
e f f e c t charge compensation. Even w i t h o u t the e x t r a degree of freedom a f f o r d e d 
by the i n t r o d u c t i o n of these other metal ions a vast/range of m a t e r i a l s , both 
glassy and c r y s t a l l i n e should be possible u s i n g s i l i c o n - a l u n i n i u j n - o x y g e n - n i t r o g e n 
t e t r a h e d r a i n a way analogous t o t h a t found i n the range o f s i l i c a t e s b u i l t from 
silicon-alurainium-cxygen t e t r a h e d r a . The acronym ' s i a l o n 1 i s now given t o a l l 
m a t e r i a l s based, upon the s t r u c t u r a l u n i t ( S i , A l ) ( 0 , l l ) ^ o r more g e n e r a l l y 
(Si,I vl) (0,N)^, where M i s one or more of the charge compensation metals above. 
E a r l y experiments t o produce s i a l o n s i n v o l v e d h o t - p r e s s i n g s i l i c o n 
n i t r i d e , S i ^ 4 and alumina, A l ^ O j , together a t hi g h temperature (about 2,000 ° c ) . . 
From X-ray powder photographs i t was found t h a t the s t r u c t u r e o f the r e s u l t i n g 
s i a l o n remained e s s e n t i a l l y , the same as t h a t of hexagonal [3 - s i l i c o n n i t r i d e up 
t c concentrations of AlgO^ of 70 wtf*. Hence t h i s c r y s t a l l i n e phase was termed j3 '. 
I t i s now c l e a r t h a t the composition of [3' s i a l o n i s g i v e n by: 
S i g _ z A l z 0 Z N 8_ z 
where z can vary from 0 to about 4.2. The d e r i v a t i o n of t h i s i s explained by Jack 
( Jack, 1976) . I t w i l l be n o t i c e d t h a t t h i s composition l i e s on the SigHg-AljOjI? 
j o i n . I t was found t h a t composition on the o r i g i n a l SijN^-AJ^O^ j o i n contained a 
r e l a t i v e l y l a r g e amount of glassy phase as w e l l as |3', w h i l e those compositions 
w i t h a metal t o non-metal r a t i o : 3:4, i . e . t h a t of the o r i g i n a l Si^IT^ showed 
- 9 -
orthosilicates SiO^ pyrosilicates S i 2 0 ? 
a 
ring silicates S i 3 0 
eg olivine eg melilite eg wollastonite 
ring silicates S i 6 0 
12-
6 w 18 single chain silicates (S i0 3 ) n 
2 pr-
og beryl eg pyroxene 
double chain silicates (Si, 0 „ ) 6 n -
4 
eg arnphtbole 
FIG. 21 The Sil icate s t ructures (af ter Kingery) 
10 
A = Si l icon 
o Oxygen 
F I G . 2ii The crys ta l structure of 
(B - s i a l o n nitride, (a f ter J a c k ) 
-11-
minimum high temperature creep, ind i c a t i n g a lower glass content 
since a vitreous phase would increase high temperature creep. The 
range of homogeneity where M:X^3:4 i s quite small. I t i s now known 
t h a t most, and c e r t a i n l y a l l the sia l o n s studied i n the present work 
comprise p' c r y s t a l s within a glassy matrix. This can be seen from 
transmission electron micrographs, one of which i s shown i n Pig. 2 i i i . 
The presence of the p - s i l i c o n n i t r i d e c r y s t a l i n t h i s photograph indicat 
that the glassy phase contains nitrogen. 
As mentioned before, every p a r t i c l e of Si^N^ powder i s always 
coated with a very f i n e layer of s i l i c a . Attempts to remove t h i s , e.g. 
by washing i n caustic soda, reduce the quantity present but leave an 
indeterminable amount behind. For t h i s reason the Newcastle research 
workers made the assumption that there was 4 wt$ of s i l i c a i n the s t a r t i 
material and compensated for t h i s by adding 2A1N for each S i C ^ . I n 
th i s way the f i n a l compositions were kept as near to the M:X=3s4 l i n e 
as possible. 
2-3 Extension to Lithium Sialons 
The o r i g i n a l approach towards making lithium s i a l o n s was to use a 
"pure s i a l o n " mix and hot-press i t with l i t h i a , M2O, i . e . to go from 
some si a l o n composition on the Si-jN^ - AI2O3 base l i n e to the top 
corner of the phase diagram shown i n F i g . 2iv. This proved undesirable 
since I ^ O v o l a t i l i z e s readily causing large weight losses and hence the 
exact composition of the end product was not e a s i l y predictable. 
However, various lithium aluminates can be used and most of the present 
work was concerned with samples which were made from Si^ty. - MAI5O3 
(lithium spinel) mixtures. The compositions of the samples examined 
are l i s t e d i n Table 1, 
For compositions with spinel concentrations of up to 50m/o LiAl^Og 
( i . e . a l l those investigated i n the present work) the c r y s t a l l i n e 
constituent of the resultant lithium s i a l o n was almost e n t i r e l y [3' 
phase with up to 5 wt$ of X-phase. The l a t t e r , the so-called X-phase 
i s now known to be a monoclinic phase and tends to be alumina r i c h . 
PIG. 2'iii Transmission electron micrograph 
of hot-pressed s i l i c o n n i t r i d e with amorphous 
region "A" from which has grown a well-defined 
hexagonal p-Si^N^ crystal,.x20,000. 
(Reproduced by permission of Prof. Jack, 
University of Newcastle) 
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The range of compositions of (3* lithium sialons i s given by 
L i x S i6-3x A 1 5x °x % - x 
H T ~8 
where x and 8-x are the numbers of oxygen and nitrogen atoms respectively 
..in the unit c e l l . Again the p' phase i s r e s t r i c t e d to compositions 
Where M:X i s 3:4, which i s the case for a l l compositions i n the Si-^N^ -
LiAic;Og s e r i e s . Other phases that can occur with high lithium spinel 
concentrations are Bu' (based on 3 - eucryptite), 0*. (based on s i l i c o n 
oxynitride), and y (based on tetragonal c r i s t o b a l i t e ) . The compositions 
of these phases are shown i n the I ^ O - S i j N ^ A ^ O j phase diagram which 
i s drawn i n F i g . 2iv. As for pure sialons there i s evidence to suggest 
that i n p' lithium sialons a glassy phase i s present. 
2-4 Yttrium Sialons • 
In order to hot-press either s i l i c o n n i t r i d e or sia l o n s a small 
amount, 1-2 wt/&, of KgO i s required i n the s t a r t i n g mix as mentioned 
i n section 2-1. This i s needed to form a glass whiph w i l l soften at 
the hot-pressing temperature and so increase the flow between grains 
when pressure i s applied. As a r e s u l t of t h i s , the cooled s i a l o n contains 
a magnesium-silicon oxynitride glassy phase at the grain boundaries which 
has a variable softening point often well below the hot-pressing temp-
erature. I f y t t r i a , j ^ O j , i s used as the additive i n place of magnesia, 
a more refractory grain boundary phase i s achieved. In the - SiC^ 
system the lowest l i q u i d temperature i s 1660°C. The idea of using an 
yttrium additive has been extended to form yttrium sialons, and one 
of these, the composition of which i s given i n Table 1, has been studied 
i n the present work for comparison with the lithium s i a l o n s • I t d i f -
fered from the lithium sialons i n one important feature; i t was pro-
duced such that i t comprised as much glass as possible. Microscope 
analysis at Newcastle has shown that i t was made up of about 98$ glassy 
phase, the remainder being a c r y s t a l l i n e 0' si a l o n phase. 
By comparing the properties of the yttrium sample with those of an 
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"ordinary", predominantly c r y s t a l l i n e lithium s i a l o n i t was hoped to 
gain some information of the role of the glassy matrix i n the e l e c t r i c a l 
behaviour of lithium s i a l o n s . Unfortunately, i t was not possible to 
obtain a lithium s i a l o n glass. 
2-5 Chemical Analysis of Samples 
Weight losses of between 1 and 11$ were recorded for lithium sialons 
i n the composition range 20-33 m/o L i A ^ O s , 80-67 m/o S i j ^ (Jama, 1975). 
To investigate the composition of the f i n a l s i a l o n produced, samples 
were analysed chemically by the Department Of Chemistry at Durham 
University. I n outline the method of a n a l y s i s adopted was as follows. 
Samples were crushed and put through a 53 micron si e v e . I t was 
then necessary to get the powder into solution; t h i s proved to be ex-
tremely d i f f i c u l t . The f i r s t solvent t r i e d was a mixture of HP and 
HC10 i n which the powder was fused under a I.R. lamp. However, t h i s 
usually l e f t an insoluble white residue. The second method of d i s -
solving the powdered sample was to fuse i t with Na2CQ3 and then a c i d i f y 
i t with HC1. This gave a c l e a r solution. The solution was then 
analysed using atomic absorption spectroscopy for lithium, s i l i c o n and 
aluminium. The errors associated with these analyses occurred when 
trying to get the powders into solution; although the solutions appeared 
to be c l e a r when sodium carbonate fusion was used the d i f f i c u l t y i n 
obtaining t h i s solution implies that there i t i s not a perfect one. 
Unfortunately, i t i s very d i f f i c u l t to judge how good a solution has 
been obtained and therefore the o v e r a l l accuracy of the chemical a n a l y s i s 
i s probably no better than ± 0.1$ of weight of element found. The 
error on the spectroscopy i s negligible, i n the region of .01$ of the 
weight found of the element. The analyses obtained are shown i n Table 2. 
One of the samples was also sent to the A n a l y t i c a l Services Laboratory, 
Imperial College of Science and Technology, where the lithium content 
was determined by a s i m i l a r atomic absorption method. The comparison 
of the analyses on the sample, which had the s t a r t i n g composition 
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30m/o LiAl^Og, 68m/o SijN^., 2m/o A1N i s as follows': -
Starting composition Durham University Imperial College 
1.16 wtfo .65 wt$ .65 wtfo 
which shows that the two laboratories were i n excellent agreement. 
1 
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CHAPTER 5 
EXPERIMENTAL TECHNIQUES 
The aim of the present work was to measure the e l e c t r i c a l con-
duction properties of di f f e r e n t lithium sialons and one yttrium s i a l o n 
as functions of frequency and temperature. This was done i n two 
different ways. F i r s t l y the i n s u l a t i o n behaviour, i . e . the way i n 
which these materials would behave i n i n d u s t r i a l applications was 
investigated. Secondly, the conductivity and d i e l e c t r i c behaviour 
of the s i a l o n s were studied to investigate the conduction mechanism 
operating i n the samples by comparing t h e i r measured e l e c t r i c a l behaviour 
both with theory and with experimental r e s u l t s for other s i m i l a r ceramics, 
p a r t i c u l a r l y undoped s i a l o n s . Further, i t was of i n t e r e s t to compare 
the behaviour of lithium sialons with that of the yttrium s i a l o n sample 
which was known to be 98$ glass. 
The lithium sialons studied ranged i n lithium content from 
lOm/o LXAI5O3 to 46m/.o MAI5O8. The composition of the yttrium si a l o n 
as w e l l as the other samples studied i s shown i n Table 1. 
5-1 Sample Preparation 
The sialons were received from Newcastle University as i r r e g u l a r 
shaped blocks of varying s i z e s . I t was decided to make measurements 
on samples i n the form of bars of the order of 1.5. x 0.3 x 0.4cm i n 
size i n order to r e f l e c t the bulk properties of the material. However 
i n some case.? . i t was necessary t o use sma l l e r samples when these were 
a l l t h a t were a v a i l a b l e or i f a sample showed an i n t e r n a l f a u l t , such 
as a crack, when i t was cut. The p o s s i b i l i t y of such cracks i n the 
samples used cannot be ruled out but care was taken to use samples where 
t h i s seemed t o be u n l i k e l y . Work on samples other than lithium or 
yttrium doped s i a l o n s has been carried out by others (Thorp and Sharif, 
1976). 
The hardness of a l l the sialons required that they be cut on a -
diamond cutting wheel; t h i s proved quite practicable although i t ; did '' 
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r e s u l t i n considerable wear of the wheel. 
Contacts f o r the measurement of e l e c t r i c a l conduction a t high 
temperature were made using platinum paste supplied by Johnson 
fetthey Metals Ltd. A sample was washed i n acetone and then the two 
end surfaces were smeared with a thin layer of the platinum paste. 
This was dried with a hot a i r blower. The thin l a y e r ensured 
good e l e c t r i c a l contact over the entire end surfaces. Platinum 
paste was then packed over these two layers and a small piece of 
platinum wire (about 1cm i n length) wa3 pushed into the paste at 
each end of the sample. The sample plus contacts was then baked 
at 600°C for one hour to harden the platinum paste. A sample with 
contacts i s shown i n F i g . 31. 
A small amount of work was car r i e d out at room temperature 
using gold contacts for reasons to be discussed i n section 3-3-2. 
To make these contacts a sample was washed in' acetone as before and 
then a thin layer of gold was evaporated onto the end surfaces using 
an Edward's High Vacuum Coating Unit. A s i m i l a r gold l a y e r was also 
evaporated onto the detachable brass plates of the j i g , shown i n 
F i g . 3 i i , which was used to hold the sample. 
3-2 Sample Mountings 
I n the high temperature studies one of two s i m i l a r Kanthal wire 
wound furnaces of resistance 76Qand 34-Qwas used. The furnace tube 
bore was 3.7em i n both cases. The sample was introduced into the 
hottest part of the furance as shown by the plateau of the temperature 
p r o f i l e of the furnace. One of the p r o f i l e s i s shown i n F i g . 3iii» 
The upper l i m i t of temperature was set by the li m i t a t i o n s of the 
furnaces and was found to be about 870°C. A l l the experiments were 
conducted i n a i r . 
The sample mounting used to support the sample i n the furnace 
tube comprised three s i m i l a r pyrophyllite discs 3.7cm i n diameter 
and 4mm thick. Each of these had three holes d r i l l e d i n i t i n a 
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l i n e . Through these holes three s i l i c a tubes were supported. The 
centre tube was four bore and carried the two platinum/l3$ platinum 
rhodium thermocouples. One of these was used i n conjunction with 
an Ether Temperature Controller to maintain the furnace at the temp-
erature set to within 10°C. The other thermocouple was connected to 
a Pye Portable Potentiometer which measured the temperature to within 
5°C. Two platinum lead wires were carried down the outer s i l i c a 
tubes, which kept them as p h y s i c a l l y f a r apart as possible, and were 
spot-welded to the platinum wires of the sample contacts. These two 
s i l i c a tubes protruded t inch beyond the centre, thermocouple tube. 
In this way the sample was kept not only at the same height i n the 
furnace as the thermocouples but no more than 3/8 inch from them. 
-3-3 E l e c t r i c a l Measurements 
3-3-1 Insulation Behaviour 
The i n s u l a t i o n conductivity i n both the d.c. and a.c. cases was 
investigated by applying a voltage across the sample and measuring, 
d i r e c t l y or i n d i r e c t l y , the current that flowed as a r e s u l t . 
I t was known from an e a r l i e r study (Jama, 1975) that lithium 
sialons are unstable under d.c. conditions. The apparent s o l i d state 
e l e c t r o l y s i s that occurred was investigated i n the present work using 
a simple c i r c u i t which comprised a F a r n e l l d.c. Power Supply i n s e r i e s 
with a sample and a moving c o i l galvonomete'r of maximum s e n s i t i v i t y 
.0046 [lA./mm. Thir t y volts was applied across the sample for periods 
of up to 500 hours. The sample was maintained at 600°C to increase 
the current flow and so augment the degradation e f f e c t s . The. value 
of the current flowing was monitored at regular i n t e r v a l s throughout 
the experiment. 
The a.c. i n s u l a t i o n conductivity of the lithium sialons was i n -
vestigated using the c i r c u i t shown i n F i g . 3iv i n which a steady a.c. 
voltage was supplied across a Jay-Jay decade resistance box and a 
sample i n s e r i e s with i t . Two s i m i l a r d i g i t a l multimeters monitored 
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the potential drop across the resistance box and the sample respectively; 
the value of the former was adjusted u n t i l the two potential drops were 
the same. Hence i f R i s the resistance of the sample and R s i s that 
of the resistance box then when both potential drops are the same 
R = R 3 
since the same current i s flowing through each. The a.c. i n s u l a t i o n 
conductivity, a a G ( i n s ) i s then given by 
oac(ins) = 1 x 1 ) 
R 3 A 
where L i s the length of the sample between the electrodes and A i s 
the electrode area. 
Using t h i s technique o a c ( i n s ) could be determined within the 
frequency range 20Hz to 25kHz and from room temperature to 870°C. 
3-3-2 Conduction Mechanism Measurements 
I n order to investigate the conduction mechanism operating in a 
material i t i s necessary to measure both the a.c. and d.c. conductivities 
i n ways considerably different from those used i n the preceding section. 
I n the d . c case i t was required to minimise the degradation effects 
and for the a.c. measurements to remove the capacitive component from 
the conductivity. 
The d.c. conductivity of a range of samples was investigated as a 
function of temperature using the c i r c u i t shown i n Pig. 3v. The applied 
potential was kept small enough for no degradation ef f e c t s on the sample 
to be detectable, (usually t h i s potential was l e s s than 5 volts)» Also 
the voltage was applied only when a reading was to be taken and not 
maintained between readings. The voltage drop across the standard 
resistance ( t y p i c a l l y 105ohm) was measured using an f . e . t . d.c. ampli-
f i e r , p a r t ly to amplify the signal and so permit lower voltages to be 
applied o v e r a l l but also so as to provide the voltmeter with an e f f e c t i v e 
input impedence of lO-^ohm. This was orders of magnitude higher than 
that of either the sample or the standard resistance. I n t h i s way a 
true reading was obtained which was not affected by the leakage of 
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current through the voltmeter. The value of the resistance.of 
the sample R, .was computed as follows:-
V = i (R + R s) 
• • , V ' = Y s g 
V s= i R 3 
V = V 
R + Rs R s g 
.*. R = R g (Vfe - V ) 
. V 
where V i s the applied voltage 
R s i s the value of the standard r e s i s t o r 
i ' i s the current 
V i s the voltage read from the voltmeter 
g i s the gain of the amplifier 
Vg i s the voltage a c t u a l l y dropped across the 
standard r e s i s t o r 
From the value of R, the d.c. conductivity aa c i s given by 
o-dc = 1 * L. 
R A 
The s i z e s of the samples were measured, using a micrometer screw 
gauge, to an accuracy of .001cm. The gains of the d.c. amplifier were 
measured at the different l e v e l s used and found to be 11.2 (nominal 10), 
50.2 ( nominal 50) and 101.2 (nominal 100). The lower l i m i t of temperature 
for d.c. measurements of conductivity was 150°C - 250°C, depending on the 
sample; t h i s l i m i t was determined by the signal to noise r a t i o of the 
d.c. amplifier since the d.c. conductivity decreases with decreasing 
temperature. 
I n order to investigate the conduction mechanism i n the lithium 
sialons i t was necessary to separate the capacitive component from the 
a.c. conductivity. To do t h i s a Wayne Kerr P a r a l l e l Capacitance Bridge 
was used; this provided two readings, the conductance G, and the p a r a l l e l 
capacitance C of the sample. From these two readings the a.c. conduct-
i v i t y a a c , the d i e l e c t r i c constant e 1, and the d i e l e c t r i c loss tan&, 
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could be computed using the following equations 
aac= G x L ( 3 - l ) A 
e' = C x L (3-2) A 
tan& = _G__ (3-3) 
u c 
The i n t e r n a l frequency of the bridge was 1.592kHz fa=10^) but by 
using an external power supply a maximum range of 500Hz to 3kHz could 
be .achieved. Useful measurements could be made at temperatures down 
to 200°C at which temperature the conductance and capacitance of the 
sample mounting was no longer negligible compared to those of the 
sample. 
Measurements made at room temperature using the bridge, employed 
the j i g shown i n F i g . 3 i i . Using t h i s j i g i t was possible to measure, 
and hence allow for, stray conductances and capacitances, which as 
mentioned above are no longer negligible at room temperature. To do 
th i s the conductance and capacitance of a sample were measured i n the 
normal way; measurements were then repeated with the sample removed 
and the distance between the plates of the j i g kept the same. 
The correction terms were derived as follows:-
l e t G'f C be the conductance, capacitance of the sample+jig+3tray 
i . e . the normal bridge reading 
C j it 11 of the j i g 
G , C 11 it of the sample 
G0, Co 11 11 of the sample+stray i . e . the bridge reading with no sample 
Ca be the capacitance of the volume of a i r between the plates 
Gas 11 11 same volume of a i r as that of the sample 
Then the conductance of the sample i s given by 
G = G' - G Q 
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In the case of the capacitance 
C = C a + Cj + c a 
C0 = Cj + c a + c a s 
now C a 3 = eA = e 0 e a j _ r A where A,L are the dimensions 
. *. C = C' - CQ + C a s 
However C a s was found to be ne g l i g i b l e as were end corrections and 
so both were ignored. 
The room temperature values of the d i e l e c t r i c constant, loss tangent 
and the a.c. conductivity were computed as f o r the high temperature 
measurement from equations 3-1 > 2 and 3 but using the corrected values 
f o r C and G. I t was not possible to use t h i s sort of correction on high 
temperature measurements as there was no way of ensuring that the distance 
between the platinum paste contacts with no sample between them remained 
the same as that with the sample i n position. 
The behaviour of the three parameters oac, £'» and tan6 together 
r e f l e c t the performance of the sialons as workable materials i n the 
e l e c t r i c a l sense. I n theory i t should be possible to compute from these 
three parameters the e l e c t r i c a l i nsulation conductivity but due to the 
complex structure of these multiphase composite materials they behave as 
though o a c ( i n s ) and o"ac were almost unrelated properties and hence i t 
has been necessary to treat them separately. 
3-4 X-Ray Methods 
. X-Ray methods were employed to investigate the effect on the crystal 
structure of the sialons as a resul t of the degradation caused by the 
application of a d.c. voltage. A Debye-Scherrer powder camera with a 
diameter of 4x inches was used i n a beam of Cu K Q radiation produced 
through a Nickel f i l t e r . Samples were ground through a 53 micron sieve 
and then packed i n t o c a p i l l a r y tubes. X-ray powder photographs were 
taken before el e c t r o l y s i s and pictures were taken from each end and the 
middle of the sample a f t e r current had been passed through i t . A 
similar photograph was taken of a small amount of platinum paste on a 
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glass f i b r e so as i t could be seen i f any paste had diffused i n t o the 
sample. A l l of these photographs were ki n d l y analysed by the Crystal-
lography Laboratory i n the Department of Metallurgy at the University of 
Newcastle; they are included i n Appendix I , 
5-5 Optical Absorption . 
.  I n an attempt to estimate the band gap from o p t i c a l absorption 
measurements, samples were examined o p t i c a l l y from 200 to 700 m i l l i -
microns and from 2 to 40 microns. Following standard" practice the 
samples were crushed and made up i n t o potassium bromide discs. No i n -
formation could be gained as to the absolute value of the transmittance of 
sialons using this technique since the amount of sample i n the disc was 
undetermined but the shape of each of the spectra was obtained. Some 
spectra are shown i n Appendix 2. 
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CHAPTER 4 
'RESULTS 1 - INSULATION BEHAVIOUR 
The e l e c t r i c a l conduction properties of a range of l i t h i u m sialons 
have been investigated using the techniques described i n the previous 
chapter. In t h i s chapter the results of the studies of the i n s u l a t i o n 
behaviour of the l i t h i u m sialons are presented and discussed. These 
preliminary measurements were useful i n establishing the general pattern 
of the conductivity behaviour. An attempt has been made to determine 
i n which of the constituents of the material the conduction i s taking 
place. 
The in s u l a t i o n resistance refers to that resistance which a material 
would exhibit i f i t formed a connecting path between two area of d i f f e r -
ing e l e c t r i c a l p o t ential e.g. i n an application as an in s u l a t o r . Here 
the reciprocal of i t i s discussed i n order to make comparisons with 
other sections easier. Hence i n d.c. terms one i s concerned with the 
insu l a t i o n conductivity and i n the a.c. case with the t o t a l admittance, 
here referred to as the a.c. i n s u l a t i o n conductivity. 
4-1 D.C. Insu l a t i o n Behaviour 
F i r s t l y consider the d.c0 properties of sialons under i n s u l a t i o n 
conditions. I t had been observed i n e a r l i e r work carried out at Durham 
that the passage of a d.c. current resulted i n a decrease i n the d.c. 
conductivity. To investigate t h i s an e l e c t r i c a l p o t e n t i a l , usually 
30 volts was applied across the sample. This proved adequate to show 
quite a marked effect over a short period of time: merely heating up 
the sample while the po t e n t i a l was applied resulted i n a cooling curve 
obtained as the sample cooled, ( s t i l l with the p o t e n t i a l applied), which 
was d i s t i n c t l y d i f f e r e n t from that shown by the sample as i t was heated. 
This phenomenum i s shown i n Fig. 4i(a) by sample L i 15 (46m/o l i t h i u m 
3pinel) and also by a sodium sialon, both of which are compared with a< 
pure sialon i n which the heating and cooling conductivities are the same. 
A l l the l i t h i u m sialons investigated showed the same behaviour. These 
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observations confirm the e a r l i e r findings of Buckley and Sharif (un-
published) who made d.c. conductivity measurements on a 30w/o l i t h i u m 
spinel sialon about two years ago. Their results are reproduced i n 
Fig. 4i(b) and show an increase i n the slopes of the conductivity curves 
implying a corresponding increase i n the d.c. a c t i v a t i o n energy as • 
temperature cycling proceeds. 
A further study of t h i s behaviour was made by investigating the 
conductivity of a l i t h i u m sialon at a fix e d temperature as a function of 
time. The results of t h i s experiment are shown i n Fig. 4 i i . 
The behaviour shown i n Fig. 4 i i could be a t t r i b u t a b l e to some form 
of s o l i d state e l e c t r o l y s i s or d i f f u s i o n taking place due to the l i t h i u m 
content. An a l t e r n a t i v e p o s s i b i l i t y , that of po l a r i z a t i o n being the 
cause seemed to be u n l i k e l y due to the length of time f o r which the 
decay of the conductivity continued. Furthermore, as discussed i n 
Chapter 2, the crystallographic structure of pure and l i t h i u m sialons 
i s very similar and so i f the degradation were caused by p o l a r i z a t i o n 
there seems no reason why the effect would be seen only i n l i t h i u m and 
sodium sialons. The theory that e l e c t r o l y s i s or d i f f u s i o n i s the cause 
of the.degradation was supported by the fact that a. magnesium sialon 
showed only very s l i g h t differences i n heating and cooling conductivities 
which i s consistent with the r e l a t i v e l y highly mobile a l k a l i ions ( i . e . 
Na+ and L i + ) being responsible f o r the e l e c t r o l y s i s i n the l i t h i u m and 
'.sodium sialonso 
I f e l e c t r o l y s i s were taking place i t was thought possible that some 
crystallographic change i n the sample might occur since a sample nominally 
containing 46.3m/o l i t h i u m spinel had shown that the conductivity decay 
was i r r e v e r s i b l e . After t h i s sample had been heated and then allowed 
to cool with a d.c. p o t e n t i a l applied, the p o l a r i t y of t h i s p o t e n t i a l 
was reversed; on subsequent temperature cycling the conductivity con-
tinued to decay as though no p o l a r i t y change had been made. I t was 
noticed that a f t e r a decrease i n the d.c. conductivity had occurred the 
1 2 3 4 5 10 15 (days) 
_ _ _ , T 1 — I "—— S I —] 
l 10 
1 T = 700°C =» 10 
I 
O 
H 
1051 — 1 1 • — — L _ 1 — 
0 5 10 50 100 500 
TIME (hours) 
FIG. UW Decay of the d.c. insulat ion conduct iv i ty 
w i th t ime in 30 m/o Li s ia lon. 
sample had discoloured and showed a darkened area. This discoloration 
always occurred but was not always i n the same position; often i t was 
near to the positive electrode but sometimes developed nearer the centre 
of the sample. 
X-ray powder analysis was used to investigate any s t r u c t u r a l change i n 
the sample but the'result was completely negative. No evidence of any . 
change was found. There are several possible explanations f o r t h i s : -
i ) the l i m i t e d period of treatment at 700°C did not cause a 
great enough effect to be seen on the X-ray powder photographs 
i i ) i t was a surface effect; rather than a crystallographic . 
one " 
. i i i ) p o l a rization was responsible as discussed above ' . 
i v ) the e l e c t r o l y s i s was taking place i n the glassy constituents 
of the sample which are i n v i s i b l e to the X-ray beam. 
I f case i ) i s correct, s t r u c t u r a l changes involving a compound with 
a small overall cross-section to X-rays i s indicated. Such a compound 
would most l i k e l y be a l i t h i u m one, such as l i t h i a . This explanation 
would account f o r the pure sialons not e x h i b i t i n g degradation. 
There i s some evidence that most of the conduction, even i n the 
d.c. case occurs along the surface of the sample. I f t h i s i s so then 
possibly the effect of being heated' or passing a current i s a l t e r i n g 
the surface by, fo r example, removing water vapour or other surface con-
taminants. However, i f t h i s were the cause of the degradation one would 
expect a similar decay i n the a.c. conductivity and as t h i s i s not ob-
served t h i s explanation seems to be u n l i k e l y . 
The most probable explanation seems to be that outlined i n case i v ) 
since, as w i l l be shown l a t e r , there i s strong evidence to suggest that 
the'glassy phase i s the major conducting medium. However, there seems 
to:. be no way of proving t h i s conclusively except by considerably more 
work bri the glassy compounds present. I t i s noteworthy that the colour 
differences mentioned above were very s i m i l a r to those found between 
sialons-of similar composition but of d i f f e r i n g porosity. :>'„;. 
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4-2 A.C. Insulation Behaviour 
The a.c. e l e c t r i c a l i n s u l a t i o n conductivity of sialons shows a very 
d i s t i n c t i v e response to temperature. Over the temperature range i n -
vestigated, 20° to 800°C, two conductivity regimes e x i s t . 
A t y p i c a l set of results i s shown i n Pig. 4 i i i which refers to sample 
L i 26. I t i s useful i n describing the a.c. in s u l a t i o n conductivity to 
separate the temperature axis i n t o two regions. Region 1 extends from 
room temperature to some temperature, T]_ which depends f a r more strongly 
on the frequency of the applied potential than on the sample composition. 
I n region 1 the a.c. i n s u l a t i o n conductivity, a ac(ins) i s independent 
of temperature. There i s then a t r a n s i t i o n a l zone u n t i l at some tem-
perature, T2, a a c ( i n s ) becomes frequency independent and temperature 
dependent i n region. 2. < 
I n region 1 the behaviour of a a c ( i n s ) can be described by 
0 a c ( i n s ) = where K i s a constant at a given 
frequency,v 
and can best be examined by p l o t t i n g o a c ( i n s ) at room temperature against 
frequency. This i s done i n Fig. 4iv. In t h i s graph there would appear 
to be a s l i g h t increase i n the conductivity with increasing nominal l i t h i u m 
content. Further work has indicated that the l i t h i u m sialon series i s not 
so well behaved and. only gross differences have any real e f f e c t , i . e . 
46m/o L i spinel usually has a higher conductivity than does lOm/o L i spinel. 
This i s i n agreement with the chemical analysis (the results of which are 
shown i n Table 2) which indicates that there i s a real difference i n 
the composition of samples nominally containing 10 and 46m/o L i spinel. 
However, as can be seen i n Fig. 4iv, the presence of l i t h i u m does cause 
a marked increase i n the i n s u l a t i o n conductivity above about 20Hz: as com-
pared to the pure sialon, data f o r which were obtained by the same method. 
The second region represents a regime i n which 
o a c ( i n s ) = B exp ( ~ W i n s ) ( 4 - l ) 
( kT ) 
where B i s a constant. I n the exponent, k i s Boltamann's constant and 
•W|£nS refers -to some characteristic a c t i v a t i o n energy. The values, of • 
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^ins w e r e computed from least squares f i t s of equations of the form 4-1 
to the data points. The co r r e l a t i o n c o e f f i c i e n t s of these f i t s were 
between 0.95 and 0.99 showing that the conductivity closely followed 
an exponential law i n t h i s region of temperature. The values of Wj_ns 
are shown i n Table 3. 
I t can be seen'from Table 3 that a l l the l i t h i u m sialons show sim i l a r 
values of-Wins* about 0.7eV; however, there i s no co r r e l a t i o n between 
nominal l i t h i u m content and a c t i v a t i o n energy. I t i s i n t e r e s t i n g to 
note that the s i l i c o n n i t r i d e has a value of V i n s of 1.32eV, rather 
larger than that f o r the l i t h i u m sialons. 
I t should be noted at t h i s point that errors i n the measurements of 
the sizes of the specimens would have no effec t on the determinations 
of the values of act i v a t i o n energies as these are derived from the slopes 
of the graphs. The geometrical factor associated with the sample de-
termines the position of the curve r e l a t i v e to the conductivity axis 
and hence influences only the value of the constant B i n equation 4-1. 
Errors i n the measurement of temperature are not systematic and so i t i s 
assumed that they w i l l not s i g n i f i c a n t l y a f f e c t the graph's slope. 
The form of the temperature v a r i a t i o n of the a.c. in s u l a t i o n con- • 
d u c t i v i t y f o r a l l sialons (pure, l i t h i u m and yttrium) i s remarkably 
similar, as i s shown i n Pigs. 4v and 4 v i . Particular i n t e r e s t attaches 
to the yttrium sialon r e s u l t since i t w i l l be r e c a l l e d from Chapter 2-4 
that the yttrium sialon comprises almost e n t i r e l y glass which means that 
the conduction i n t h i s material i s representative of that i n a glassy 
phase. Since the behaviour of the other sialons i s so s i m i l a r to that 
shown by the yttrium sample i t seems l i k e l y that a s i m i l a r glassy phase 
must be responsible f o r the conductivity i n a l l the samples. Hence i t 
i s deduced that the glassy matrix surrounding the p' c r y s t a l l i t e s i n the 
sialons, and i n p a r t i c u l a r i n the l i t h i u m sialons, i s the medium i n which 
the conduction takes place. This i s e n t i r e l y compatible with the micro-
structure of the sialons as shown i n Pig. 2 i i i since i t i s the glassy phase 
which offers the most continuous path through the material. 
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RESULTS 2.--CONDUCTIVITY MECHANISMS 
I f . i t i s to be assumed that the glassy content i n the lithium' 
sialons i s playing a dominant role i n determining t h e i r conduction 
characteristics, then the most probable conduction mechanism i s hopping. 
The results presented i n the previous chapter strongly suggest that t h i s 
i s so but are not conclusive because the measurements made were of t o t a l 
conductivity whereas a more r e l i a b l e test can be made by examining the 
a.Co conductivity using a bridge method. This ha3 been done here and i t 
w i l l be shown i n t h i s chapter that a l l the conductivity behaviour shown 
by the sialons studied i s completely compatible with a hopping mechanism. 
For convenience the main features of hopping theory are summarised f i r s t . 
5-1 Theory of Hopping 
I n the hopping model proposed by Austin and Mott (1969) the charge 
carriers are electrons, although the mathematical formulation i s i n 
terms of polarons, that i s electrons and t h e i r associated l a t t i c e d i s -
t o r t i o n . Polarons are formed when the electron-phonon i n t e r a c t i o n i s 
strong. There are several types of hopping but the one l i k e l y to be 
most relevant to the sialon glasses involves the electron moving from one 
localised state to another by an exchange of energy with phonons. The 
lo c a l i s a t i o n i s caused by disorder i n the l a t t i c e and not by i n t e r a c t i o n 
with the phonons. 
In such a hopping model the p r o b a b i l i t y per u n i t time that an electron 
w i l l jump between two centres with energy levels d i f f e r i n g by Wn, the 
acti v a t i o n energy for honping due to disorder i s proportional to exp (~'V D^). 
(kT ) 
However i n a hopping regime the energy of the polaron, Wg, i . e . the 
minimised sum of the energies of the electron and the molecule to which 
i t has become temporarily attached, also contributes to the hopping 
mobility. The combined effect of these two energies yields a d.c. 
conductivity of the form 
o d c = D exp (^dc) (5-1) 
( kT ) 
where the t o t a l a c t i v a t i o n energy, ¥<ic i s given by 
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W'dc * % + M > f o r T >.^eD 
w d c = ¥D f o r T < -19D • 
where 9 D, defined by TLCO^ICSQ,, . i s a temperature c h a r a c t e r i s t i c of the 
average o p t i c a l frequency Gd. I n the present work no attempt has been 
made to deduce the separate c o n t r i b u t i o n s made by WJJ and t o the 
c o n d u c t i v i t y as t h i s would have r e q u i r e d s t u d y i n g samples a t lower 
temperatures than was possible due to the very low c o n d u c t i v i t y t h a t 
the s i a l o n s show even a t moderate temperatures. The pre-exponential 
constant, D i s the product of terms such t h a t 
D = Df exp(-2aa) 
where D' i s a constant determined by the number o f e l e c t r o n s able t o 
hop, the number o f a v a i l a b l e s i t e s , the jump frequency and a, the s i t e 
spacing. The second term i s the t u n n e l i n g f a c t o r i n which a i s the 
t u n n e l i n g p r o b a b i l i t y . At lower temperatures the r e l a t i v e importance 
of and WJJ a l t e r s and t h i s r e s u l t s i n the modified r e l a t i o n 
o d c = A expf-
(r 
where A and B are constants. A. f i t t o t h i s behaviour would be notice-^ 
able as a n o n - l i n e a r i t y i n the logo"d c vs l/T p l o t which would become 
more pronounced as the temperature was reduced. I t may be noted t h a t 
t h i s type of v a r i a t i o n has been r e p o r t e d i n several substances i n which 
the c o n d u c t i v i t y i s determined by hopping mechanisms f o r example i n 
nickel, oxide, ( A u s t i n and Mott, 1969), and i n the chalcedenide glasses, 
As2Se^, (Davis and Shaw, 1970). 
As regards the a.c. measurements, one of the s a l i e n t f e a t u r e s of 
hopping i s the occurrence of marked frequency d i s p e r s i o n i n the con-
d u c t i v i t y , a a C , t h a t i s the r e a l p a r t of the c o n d u c t i v i t y . I t i s 
because the theory o f hopping has been developed i n terms of o a c t h a t 
experimentally, bridge methods of measurements of d i e l e c t r i c p r o p e r t i e s 
are necessary i n order t o evaluate the separate components of the con-
d u c t i v i t y . I n the low frequency range ( i . e . below about 106H?r.) theory 
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p r e d i c t s t h a t a t or near room temperature 
0ac<*vO.8 (5-2) 
and Hott and Davis (1968) have shown t h a t two kinds of hopping mechanism 
can he responsible. These are 
a) t r a n s p o r t by c a r r i e r s e x c i t e d i n t o l o c a l i s e d s t a t e s a t the 
edges of the valence band 
or b) hopping by c a r r i e r s w i t h energies near t o the Fermi l e v e l , 
provided t h a t N(EJI) i s f i n i t e . 
The two processes can be d i s t i n g u i s h e d by i n v e s t i g a t i n g the frequency 
dependence of the c o n d u c t i v i t y i n the temperature r e g i o n a t which f r e -
quency d i s p e r s i o n occurs. I f case a) a p p l i e s then there w i l l e x i s t a 
thr e s h o l d frequency below which t h e r e i s no d i s p e r s i o n and Oac^dc* 
Above the th r e s h o l d frequency the c o n d u c t i v i t y v a r i e s w i t h frequency 
according t o equation 5-2. This behaviour corresponds t o a m u l t i p l e 
hopping regime. I f , a l t e r n a t i v e l y , o a c i s weakly dependent on temperature 
and the frequency d i s p e r s i o n represented by equation 5-2 occurs from the 
lowest frequencies then case b) a p p l i e s . 
Hopping c o n d u c t i v i t y theory a l s o p r e d i c t s the form i n which t h e 
d i e l e c t r i c constant,, e', and the loss tangent, tan&, should vary w i t h 
frequency a t room temperature. The c r i t e r i a f o r hopping t o occur i n a 
m a t e r i a l are t h a t both e' and tan6 should be v i r t u a l l y independent of 
frequency and t h a t i f they do show some s l i g h t v a r i a t i o n w i t h the f r e -
quency they should do so i n the same sense. This a f f o r d s a unique 
method of d i s t i n g u i s h i n g hopping from other mechanisms since i n m a t e r i a l s 
where, f o r example, the Maxwell-Wagner model a p p l i e s e' and tan6 w i l l 
vary w i t h frequency i n opposite senses. There appears t o be no w e l l 
developed theory f o r the temperature v a r i a t i o n of e 1 and tano i n hopping 
materials but there i s some evidence, discussed l a t e r , t o suggest t h a t 
both r i s e as the temperature increases. . . 
5-2 D.G. Results 
The d.c. c o n d u c t i v i t i e s measured as described i n Chapter 3-3-2, are 
-46-
showh f o r three d i f f e r e n t l i t h i u m s i a l o n s i n F i g s . 5 i , i i , i i i and are 
p l o t t e d as l o g a^Q vs ( T ° K ) ~ 1 . These p l o t s y i e l d e d s t r a i g h t l i n e s 
from the maximum temperature reached down t o a t l e a s t 200°C r e p r e s e n t i n g 
a r e l a t i o n of the form shown i n Equation 5-1. The values of \I&C, the 
d.c. a c t i v a t i o n energy were derived from the slopes o f the p l o t s and are 
shown i n Table 3» I t w i l l he n o t i c e d t h a t although only three values 
f o r l i t h i u m s i a l o n s are a v a i l a b l e i t i s c l e a r t h a t t h e r e i s no c o r r e l a t i o n 
between a c t i v a t i o n energy and s t a r t i n g composition, t h i s confirms the 
.trend observed i n the case o f the i n s u l a t i o n c o n d u c t i v i t y . However, i t 
i s - n o t i c e a b l e t h a t i s approximately constant f o r the three samples, 
although the l i t h i u m contents determined by a n a l y s i s d i f f e r e d by a f a c t o r 
of three (Table 2). The d.c. r e s u l t s suggest t h a t a value near 0.8eV 
may be taken t o correspond t o an a c t i v a t i o n energy associated w i t h the 
presence of l i t h i u m . This suggestion i s supported by the r e s u l t s of Wdc 
f o r s i l i c o n n i t r i d e and the two pure s i a l o n s f o r which the values of Wdc 
are a l l much l a r g e r and the comparison i n d i c a t e s t h a t the experimental 
method can genuinely d i s t i n g u i s h marked changes i n a c t i v a t i o n energy. 
As mentioned i n the previous s e c t i o n the change of temperature depen-
dence t o the T~~*~ law should cause a d e v i a t i o n from the l i n e a r behaviour 
shown by the c o n d u c t i v i t y (as displayed i n Pigs. 5i>ii»iii) a t the low 
end o f the temperature scale. There i s some evidence f o r a departure 
from l i n e a r i t y i n each of t h e samples. However, t h i s area o f the graph 
corresponds to the s i t u a t i o n i n which the c o n d u c t i v i t y measuring apparatus 
was being used at maximum s e n s i t i v i t y and hence e r r o r s on these measure-
ments are l i k e l y t o be g r e a t e r than those taken a t higher temperatures. 
Precise measurements a t lower temperatures w i t h more s e n s i t i v e equipment 
would be necessary t o e s t a b l i s h the dependence c o n v i n c i n g l y . Host 
mate r i a l s which show t h i s behaviour, e.g. NiO ( A u s t i n and Mott, 1969) do 
so at temperatures of the order of 50°K. However, the o v e r a l l d.c. be-
haviour of the l i t h i u m s i a l o n s i s completely c o n s i s t a n t w i t h a hopping 
model o f conduction. 
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I t would be valuable t o o b t a i n o p t i c a l data on the samples rep-
resented i n Figs. 5 i , i i , i i i i n order t o i n v e s t i g a t e f u r t h e r the value of 
the a c t i v a t i o n energy WQQ. As can be seen from Table 3, a t y p i c a l value 
i s 0.8eV, equivalent t o a wavelength o f 15,529^. At t h i s wavelength or 
a m u l t i p l e of i t there should e x i s t a band edge corresponding t o increased 
a b s o r p t i o n a3 the energy of the incoming photon i s great enough t o cause 
an e l e c t r o n t o hop. The exact p o s i t i o n and d e t a i l s o f the band-edge 
vrould y i e l d u s e f u l i n f o r m a t i o n on the conduction mechanism. However, 
u n f o r t u n a t e l y 15,529$ represented a gap i n the wavelength range t h a t was 
a v a i l a b l e on the spectrophotometers; nor i s there any published o p t i c a l 
data. O p t i c a l r e s u l t s t h a t have been obtained'are shown i n Appendix 2 . 
t o t h i s t h e s i s . 
5-5 A.C. Results 
The a.c. c o n d u c t i v i t y , as measured and discussed i n Chapter.3-5-2, 
shows two regions i n i t s temperature dependence. This ,was not unexpected 
since the'a.c. i n s u l a t i o n c o n d u c t i v i t y also showed two very d i s t i c t con-
d u c t i v i t y regimes. However the behaviour reported here i s s i g n i f i c a n t l y • • 
d i f f e r e n t . Figs. 5 i , i i i , i v show the a.c. c o n d u c t i v i t y as a f u n c t i o n of 
r e c i p r o c a l temperature f o r three l i t h i u m s i a l o n s . I n t h e , h i g h temperature 
re g i o n the a.c. c o n d u c t i v i t y , a a c , ' i s superimposed on the a.c. and d.c. 
i n s u l a t i o n c o n d u c t i v i t i e s . ( t h e values of, the a c t i v a t i o n energies are 
given i n Table 3). At more moderate temperatures a a c shows a r e g i o n of 
frequency d i s p e r s i o n . To e s t a b l i s h the nature of the frequency d i s p e r s i o n , 
the data p o i n t s shown on Figs. 5 i , i i i , i v i n the frequency d i s p e r s i v e '. • 
regions of the graphs were r e p l o t t e d i n the form of l o g frequency vs 
l o g c o n d u c t i v i t y . The data from F i g . 5 i i i as r e p l o t t e d i s shown i n F i g . 5v. 
I n order t o o b t a i n r e l i a b l e frequency d i s p e r s i o n data a t temperatures 
•below'about 70°C i t was necessary t o use the j i g shown i n F i g . 3ii w i t h 
samples having gold evaporated contacts so- t h a t the e f f e c t o f s t r a y con-
ductances and capacitances could be evaluated and then allowed f o r i n . 
d e r i v i n g the r e s u l t s . This was done f o r a sample of 40m/o L i s p i n e l , 
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60m/o s i l i c o n n i t r i d e and the l o g 0 a c vs l o g frequency c h a r a c t e r i s t i c 
i s shown i n F i g . 5 v i . This represents the best data a v a i l a b l e i n the 
frequency d i s p e r s i v e r e g i o n . F i g . ' 5 v i y i e l d s a value o f 0.69 f o r s 
at 20°C, w i t h a c o r r e l a t i o n c o e f f i c i e n t of 0.9995 f o r a l i n e a r f i t . 
5-4 Discussion on C o n d u c t i v i t y 
Some corament may f i r s t be made on the magniturdes o f the conduct-
i v i t i e s observed..' At 100°C the d.c. value of the c o n d u c t i v i t y i s about 
1 0 ~ 1 0 (ohm c m ) - 1 and t h i s r i s e s t o around 10~5 (ohm c m ) - 1 a t 700°C. 
There does appear t o be some dependence of o<ic o n l i t h i u m content; f o r 
example a t 350°C the values of o&c are 2.10"^ and 5.10"''' r e s p e c t i v e l y 
f o r specimens c o n t a i n i n g 28 and 9.4 m/o L i s p i n e l , corresponding t o 
1.0 & ,3wt$ L i as determined by chemical a n a l y s i s . The same t r e n d i s 
c l e a r from comparison of the a.c. data a t corresponding temperatures and 
frequencies.. A major conclusion, discussed more f u l l y i n the f o l l o w i n g 
chapter, i s t h a t i n general terms the c o n d u c t i v i t i e s o f the l i t h i u m 
s i a l o n s are, a t elevated temperatures much gr e a t e r than those r e p o r t e d 
f o r pure s i a l o n s (Thorp and S h a r i f , 1976); i t i s reasonable t o a t t r i -
bute t h i s t o the i n c l u s i o n of l i t h i u m . I n t h i s respect i t may be. s i g -
n i f i c a n t t h a t the s i n g l e sodium s i a l o n a v a i l a b l e f o r examination also 
gave c o n d u c t i v i t i e s ( F i g . 4 i ) ranging from 4xL0~9 a t 330°C t o 1.5x10""^ 
(ohm cm)-'*' a t 700°C, i . e . roughly the same c o n d u c t i v i t y range as ob-
served f o r the l i t h i u m s i a l o n s . 
At high temperatures the a.c. and d.c. c o n d u c t i v i t i e s are superimposed; 
t h i s i m p l i e s t h a t i n t h i s r e g i o n the same mechanism i s responsible f o r 
both. The exponential shape o f the temperature dependence does not i n 
i t s e l f i n d i c a t e which t h a t mechanism i s since i o n i c , e l e c t r o n i c , semi-
conducting and hopping conduction a l l g i v e t h i s behaviour. The a c t i v a t i o n 
energy of 0.8eV i s l a r g e but the same f o r a l l the l i t h i u m s i a l o n s . The 
f a c t that the a c t i v a t i o n energy obtained from the slope of the a.c. con-
d u c t i v i t y (W a c) i s somewhat lower than f o r the d.c. case i s probably due •' 
to the r e s i d u a l e f f e c t of the frequency d i s p e r s i v e r e g i o n of the curve. 
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I n a l l the cases the a c t i v a t i o n energy was obtained using a l e a s t 
squares f i t to the p o i n t s i n the exponential r e g i o n . 
The a.c. r e s u l t s provide d i r e c t evidence f o r hopping a t the lower 
temperatures i n v e s t i g a t e d i n t h a t o a c enters a r e g i o n of frequency d i s -
p e r s i o n as the temperature i s decreased. For data taken near room tem-
0 8 
perature there i s resonably close agreement w i t h a aac V law and 
furthermore the frequency d i s p e r s i o n appears t o begin from the lowest 
frequencies, (20Hz) a t which measurements were made. These observations 
f u l f i l the c r i t e r i a summarised i n Section 5-1 and i n d i c a t e t h a t i n t h i s 
temperature regime the c o n d u c t i v i t y mechanism i s hopping by c a r r i e r s w i t h 
energies near t o the Fermi l e v e l . 
5-5 D i e l e c t r i c Constant and Loss Results , . ' 
The values of two d i e l e c t r i c f u n c t i o n s , the d i e l e c t r i c constant, e' 
and the d i e l e c t r i c l o s s , tan& were computed from the values o f the con- . 
ductance and p a r a l l e l capacitance, measured u s i n g t h e Wayne-Kerr bridge 
as described i n Chapter 3-3-2. 
Consider f i r s t the room temperature data since i t i s i n t h i s tem-
perature r e g i o n t h a t e l e c t r o n hopping appears to dominate. For the 
reasons discussed i n Chapter 3-3-2 t h i s was obtained u s i n g the j i g shown 
i n F i g . 3 i i . F i g . 5 v i i (a+b) shows the frequency dependence o f the 
d i e l e c t r i c constant and loss a t room temperature f o r a sample c o n t a i n i n g 
40m/o L i s p i n e l . The value of e' a t the lowest frequency of measure-
ment. (500Hz) was 11.5 and there was a decrease t o 11.0 a t 3kHz; t h e r e -
a f t e r e 1 remained, s u b s t a n t i a l l y constant up t o the highest fequency of 
measurement, 8kHz, The tan& v a r i a t i o n shows a s i m i l a r t r e n d i n t h a t 
there i s a n o t i c e a b l e decrease, from 0.07 t o 0.04, between 500Hz and 3kHz:. 
and then a more gradual f a l l r e s u l t i n g i n a value of 0.03 a t 8kHz. The 
s i g n i f i c a n t f a c t i s t h a t both the d i e l e c t r i c constant and l o s s v a r i a t i o n s 
occur i n the same sense g i v i n g a d d i t i o n a l evidence f o r the v a l i d i t y of 
t h e hopping model i n t h i s temperature r e g i o n . A l l the l i t h i u m s i a l o n s 
showed very s i m i l a r r e s u l t s . . The r e l a t i v e l y high values o f tan5 show 
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again t h a t even at room temperature the l i t h i u m s ialons are not very 
good i n s u l a t o r s , f o r which a value of tan& nearer t o .001 or less would 
have been found. 
At higher temperatures e l e c t r o n hopping i s no longer the dominant 
mechanism, two other e f f e c t s which are l i k e l y to be of major importance 
are c o n t r i b u t i o n s from e l e c t r o n or hole c o n d u c t i v i t y v i a the conduction 
b and or from i o n i c conduction. Hence a considerable amount of i n f o r -
mation was obtained from s t u d y i n g the temperature v a r i a t i o n of both e* 
and tan&o Experimentally t h i s aspect of the measurements posed problems 
i n t h a t the j i g used f o r the room temperature work would not have been 
s u i t a b l e ; the i n s u l a t i n g t e f l o n rods q u i c k l y l o s t t h e i r h i g h r e l a t i v e 
r e s i s t a n c e as the temperature increased and i t was f e l t t h a t t h e r e might 
have been a r i s k o f gold d i f f u s i n g i n t o the sample. I t was t h e r e f o r e 
necessary t o use platinum paste electrodes baked onto the sample which 
was then simply suspended by platinum wires i n s i d e the furnace. The 
i m p l i c i t assumption t h a t p l atinum, having a l a r g e r i o n i c r a d i u s than gold, 
would be u n l i k e l y t o d i f f u s e a p p r e c i a b l y was s u s t a n t i a t e d by the l a c k of 
evidence f o r platinum i n the X-ray powder photographs taken i n connection 
w i t h the decay of the d.c. i n s u l a t i o n r e s i s t a n c e . 
The r e s u l t s shown i n F i g . 5 v i i i , which r e f e r s t o the 9.4-m/o L i s p i n e l 
s i a l o n , i l l u s t r a t e s the general f e a t u r e s observed. Both e' and tan5 
are temperature dependent though a t any given temperature the forms of 
both e'-V and the tan6-V v a r i a t i o n s are s i m i l a r t o t h e i r room temperature 
counterparts, i . e . the major decreases i n e' and tan& occur i n the lower 
frequency range. The magnitudes of the temperature dependencies are 
s t r i k i n g . At 1kHz; tan& r i s e s from about 0.06 at room temperature t o 
near l y 10 a t 770°C, a change o f approximately three orders of magnitude; 
i n e' the r i s e i s from 11 a t room temperature t o 5x104 a t 770°G. ( i n 
view of the very h i g h values of e' recorded the measurement technique 
was c r i t i c a l l y reviewed and t e s t s were made i n the o p e n - c i r c u i t s i t u a t i o n 
w ithout a sample present to f i n d whether any spurious capacitances were 
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being introduced a t high temperatures; these t e s t s proved negative so i t 
i s f e l t t h a t t h e r e i s no reason t o doubt the values of e 1 or tan5 recorded). 
Further data f o r the sample c o n t a i n i n g 28.4m/o L i s p i n e l i s given i n F i g . 5 i x 
which i n d i c a t e s r a t h e r more c l e a r l y a t r e n d d e t e c t a b l e i n the previous 
f i g u r e , namely t h a t the increase i n tan6 per u n i t temperature r i s e i s more 
0 
pronounced at lower frequencies than a t higher ones. Since the 9.4m/o 
and the 28.4m/o L i s p i n e l s i a l o n s were, on a n a l y s i s , found t o be of 
genuinely' d i f f e r e n t chemical composition, the data shown i n Figs. 5 v i i i 
and i x can be used to assess whether the temperature v a r i a t i o n s are depen-
dent on composition. A comparison of data f o r samples c o n t a i n i n g s i g -
n i f i c a n t l y d i f f e r e n t amounts o f l i t h i u m i s shown i n Table 4; these 
r e s u l t s r e f e r t o a frequency of 1.5kHz. I t can be seen t h a t the sample 
w i t h the higher l i t h i u m content gives the l a r g e r h i g h temperature values 
of both e' and tan5 but because of the associated changes i n the aluminium 
and s i l i c o n contents t h i s evidence alone i s i n s u f f i c i e n t t o enable l i t h i u m 
to be i s o l a t e d as the sole cause of t h e change. 
Turning now t o the reasons f o r the temperature v a r i a t i o n s o f the d i -
e l e c t r i c constant and loss which are s i m i l a r to the r a p i d increase i n 
these parameters t h a t i s found i n many ceramics and glasses. Some of 
these phenomena are reviewed by Zingery ( l 9 6 0 ) . At frequencies below 
about 10%z-. ( i . e . the frequency range considered i n the present work) the 
major losses i n d i e l e c t r i c s a r i s e from e l e c t r o n i c or i o n i c conduction, 
t h a t i s increases i n c a r r i e r d e n s i t y i n the conduction band, or from d i p o l e 
r e l a x a t i o n losses due t o i o n s . Dipole r e l a x a t i o n r e f e r s t o the process 
i n which an i o n o s c i l l a t e s between two equivalent i o n p o s i t i o n s . Both 
these two processes cause the d i e l e c t r i c losses t o increase a t low f r e -
quencies and as the temperature i s r a i s e d ; a t moderate frequencies d i p o l e 
r e l a x a t i o n i s o f t e n the major c o n t r i b u t o r t o the losses. One of the 
e f f e c t s of t h i s i s t h a t , f o r many i n s u l a t o r s , tan6 increases e x p o n e n t i a l l y 
w i t h temperature; an example of t h i s i s shown by a l i t h i u m s i a l o n i n 
Fig . 5x. 
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I n the case o f a d i p o l e r e l a x a t i o n process i n which the r e l a x a t i o n 
time i s T the maximum energy loss w i l l occur a t a frequency CO equal t o 
the r e l a x a t i o n frequency T t h a t i s when <*)T=1. This corresponds to 
a loss peak on a tan5 vs frequency plo.t. As the r e l a x a t i o n frequency 
increases e x p o n e n t i a l l y w i t h temperature the p o s i t i o n o f the maximum of 
the loss peak w i l l move t o higher frequencies as the temperature i s 
r a i s e d . Thus by c o n s i d e r i n g the v a r i a t i o n of" tan& w i t h frequency i t 
should be p o s s i b l e t o f i n d i f i o n r e l a x a t i o n i s ' p r e s e n t . Over.the f r e -
quency and temperature ranges i n v e s t i g a t e d there was no evidence.for. 
loss peaks. 
. A second reason f o r the r a p i d increase i n the d i e l e c t r i c constant' 
and loss i s t h a t space charge p o l a r i s a t i o n e f f e c t s are p l a y i n g an i m p o r t -
ant r o l e e s p e c i a l l y as the temperature i s increased. Such e f f e c t s are 
a common f e a t u r e of ceramics which are p o l y c r y s t a l l i n e and polyphase. 
The p r o b a b i l i t y i s t h a t the two ( o r more) phases w i l l have d i f f e r e n t 
e l e c t r i c a l c h a r a c t e r i s t i c s , t h a t i s the e l e c t r i c a l c o n d u c t i v i t y of one 
of the phases w i l l be higher than t h a t of the other; i n t h i s context 
the phase boundary can be thought of as a second phase i n t h a t i t s 
e l e c t r i c a l p r o p e r t i e s w i l l be d i f f e r e n t from those of the c r y s t a l . The 
motion of the charge c a r r i e r s occurs r e a d i l y through one l a y e r but i t 
i s i n t e r r u p t e d when i t meets a phase boundary. This r e s u l t s i n the 
b u i ld-up of .charge at the i n t e r f a c e . This i s measured as a h i g h d i -
e l e c t r i c constant since by d e f i n i t i o n the d i e l e c t r i c constant i s a measure 
of the charging e f f e c t on the m a t e r i a l caused by the a p p l i e d e l e c t r i c a l 
p o t e n t i a l . 
. I n the s i a l o n s the p i c t u r e i s not so simple as a l a y e r model would 
suggest since as w i l l be r e c a l l e d from Chapter 2 the s i a l o n c r y s t a l l i t e s 
are.surrounded by the glassy phase g i v i n g a somewhat more complex s t r u c -
t u r e but the general argument above i s s t i l l v a l i d . I f t h i s e f f e c t i s 
important i n e x p l a i n i n g the r a p i d r i s e i n e 1 and tanS i t i m p l i e s t h a t the 
d i f f e r e n c e i n , t h e c o n d u c t i v i t i e s of the two phases i t s e l f increases which 
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f u r t h e r i m p l i e s t h a t one or other, of the c o n d u c t i v i t i e s must increase 
a t an even gr e a t e r r a t e ; i t i s g e n e r a l l y t r u e t h a t the c o n d u c t i v i t y 
increases w i t h temperature whatever the mechanism i n v o l v e d maybe. 
This i s f u r t h e r evidence of the importance of the glassy phase i n de-
t e r m i n i n g the value of the c o n d u c t i v i t y i n the l i t h i u m s i a l o n s since i f 
most of the c o n d u c t i v i t y i s being provided by o n l y one phase then from 
the m i c r o - s t r u c t u r a l data t h a t i s a v a i l a b l e from P i g . 2 i i i the glassy 
phase i s the only contender. 
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CHAPTER 6 
COMPARISON WITH OTHER MATERIALS 
I n the two previous chapters, the data obtained on the e l e c t r i c a l 
p r o p e r t i e s of a se r i e s of l i t h i u m s i a l o n s has been r e p o r t e d . I n con-
c l u s i o n , i t i s i n t e r e s t i n g t o make a comparison between t h e i r p r o p e r t i e s 
w i t h those of other m a t e r i a l s examined by the same or s i m i l a r techniques. 
The comparisons made here are w i t h pure s i a l o n s and w i t h the y t t r i u m 
s i a l o n glass thought t o be s i m i l a r i n nature t o the glassy phase i n the 
l i t h i u m s i a l o n s i n v e s t i g a t e d . 
6-1 Comparison w i t h Pure Sialons 
Most of the data presented i n t h i s s e c t i o n i s taken from published 
(Thorp and S h a r i f , 1976) or rec e n t , unpublished work by R.I. S h a r i f . 
The i n s u l a t i o n c o n d u c t i v i t y o f the pure s i a l o n s may be summarised as 
f o l l o w s , t a k i n g a z=4 s i a l o n as an example. Under d.c. c o n d i t i o n s the 
c o n d u c t i v i t y , o^c i s less than 1 0 ~ 1 0 (ohm c m ) - 1 a t room temperature and 
r i s e s according t o 
a^c - A exp 
up to about 700°C a t which temperature o d c - 10"^ (ohm c m ) - 1 . Above 
700°C the v a r i a t i o n changes t o 
U r d c ) 
- . a d c = A exp( 
> kT 
and t h i s continues up t o the highest temperature (l,000°c) a t which 
measurements were made. At 1,000°C, O£C=4xl0~^ (ohm cm)-"''. I n the 
high temperature r e g i o n the slope of the l o g c?cLC vs l/T p l o t y i e l d e d an 
a c t i v a t i o n e n e r g y , • o f 1.64eV. I n the pure s i a l o n s t h e r e i s no 
evidence f o r degradation o c c u r r i n g when a d.c. v o l t a g e i s a p p l i e d and 
hence there i s no d i f f e r e n c e f o r t h i s m a t e r i a l between the d.c. i n -
s u l a t i o n c o n d u c t i v i t y and the d.c. c o n d u c t i v i t y measured u s i n g low 
voltages as described i n Chapter 3-3-2. 
B 
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As regards the a.c. i n s u l a t i o n c o n d u c t i v i t y over the same temp-
era t u r e ranges, i t was found t h a t 
a) a t h i g h temperatures l o g o o( l/T i n d i c a t i n g behaviour very 
s i m i l a r t o t h a t found i n the d.c. case but w i t h an associated a c t i v a t i o n 
energy of 1.32eV; t h i s behaviour was independent of frequency 
b) a t lower temperatures, t h a t i s below about 700°C the con-
d u c t i v i t y became s t r o n g l y frequency dependent and as the temperature 
dropped, almost independent of temperature.. 
Comparison of these r e s u l t s w i t h those f o r the l i t h i u m s i a l o n s shows 
t h a t • " . 
i ) degradation under d.c. voltages occurs i n the l i t h i u m s i a l o n s 
but not i n the pure s i a l o n s 
i i ) a t h i g h temperatures the d.c. c o n d u c t i v i t i e s show s i m i l a r 
behaviour but below 700°C the pure s i a l d n s d e v i a t e from an exponential, 
r e l a t i o n s h i p between l o g c o n d u c t i v i t y and r e c i p r o c a l temperature whereas 
the l i t h i u m s i a l o n s showed no d e f i n i t e proof o f t h i s 
i i i ) the general form of the a.c. i n s u l a t i o n c o n d u c t i v i t y was 
very s i m i l a r and could be d i v i d e d i n both cases i n t o a 'high temperature 
regime' and a 'low ^ temperature regime 1 
i v ) the change over temperature from h i g h t o low temperature be-
haviour i s much higher i n the pure s i a l o n s (700°C as compared t o 450°C 
i n the l i t h i u m s i a l o n s ) 
v) the values of the room temperature i n s u l a t i o n c o n d u c t i v i t y are-
s i m i l a r i n both types of m a t e r i a l but at h i g h e r temperatures, i . e . those 
i n the exponential r e g i o n the c o n d u c t i v i t y of the pure s i a l o n s i s a t 
l e a s t two orders of magnitude less than t h a t of the l i t h i u m doped samples 
( F i g . 4 v i ) : an even g r e a t e r d i f f e r e n c e i s t o be seen i n the d.c. con-
d u c t i v i t i e s , e.g. a t 550°C a^ c (pure s i a l o n ) = 10 -^ (ohm era)-"'" as com-
pared t o a c| c(2Giii/o L i s p i n e l ) = 10~4 (ohm cm)" 1 
v i ) i n the low temperature r e g i o n , u s i n g the•Wayne-Kerr b r i d g e , 
both m a t e r i a l s showed frequency d i s p e r s i o n such t h a t aac = Au) s where 
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s = 0.7 f o r l i t h i u m s i a l o n s and 0.9 f o r pure s i a l o n s 
v i i ) the a c t i v a t i o n energy corresponding t o the exponential p a r t 
of the c o n d u c t i v i t y / r e c i p r o c a l temperature p l o t i s less i n t h e case of 
l i t h i u m s i a l o n s , 0.7eV compared to a value of 1.32eV f o r t h e pure s i a l o n . 
The s i m i l a r i t y i n the general f e a t u r e s o f t h e behaviour between pure 
and l i t h i u m s ialons suggests t h a t s i m i l a r c o n d u c t i v i t y mechanisms apply 
to both classes of m a t e r i a l s . At the lower end of the temperature 
scale both appear to show the c h a r a c t e r i s t i c s of a hopping model which, 
as mentioned e a r l i e r i s e n t i r e l y c o n s i s t e n t w i t h the presence of a glassy 
phase i n the m a t e r i a l s . The a d d i t i o n of l i t h i u m increases the conduct-
i v i t y and t h i s not only i m p l i e s a very considerable increase i n the 
number of c a r r i e r s a v a i l a b l e but also suggests t h a t the r e d u c t i o n i n . change-
over temperature between the two c o n d u c t i v i t y regimes may be a t t r i b u t a b l e 
t o a simultaneous increase i n the number of i m p u r i t y l e v e l s produced. 
Further evidence f o r a hopping model i s given by an examination of 
r e c e n t l y obtained d i e l e c t r i c data ( S h a r i f , unpublished). . F i r s t l y con-
s i d e r the form of the v a r i a t i o n s , w i t h frequency .of e 1 and tan6 a t room 
temperature, F i g . 6 i . The values observed a t 200Kz. are e 1 -.10, tan6 -
7xl0~3, between 200Ez. and about lO^Hz, both are n e a r l y independent of 
frequency; above lO^Hz:-(a frequency range beyond t h a t employed f o r the 
studies on l i t h i u m s i a l o n s described e a r l i e r ) t h e r e i s a marked"rise i n 
both e' and tan&. At the low and mid frequencies the form of the v a r i -
a t i o n i s very s i m i l a r t o t h a t found w i t h the l i t h i u m s i a l o n s but i t i s 
n o t i c e a b l e t h a t the l o s s (tanb) i s g r e a t e r a t any p a r t i c u l a r frequency . 
f o r the l i t h i u m s i a l o n whereas £ 1 i s r o u g h l y the same. 
The temperature v a r i a t i o n s o f e 1 and tan6, examined independently by 
R.I, S h a r i f , make an important comparison t o the data r e p o r t e d i n the 
previous chapter. His r e s u l t s f o r z=3.2 s i a l o n are reproduced i n F i g s . 6 i i 
(a + b ) . These show t h a t e' i s both frequency and temperature dependent 
above about '3>00°C. The greatest, e f f e c t occurs at the lowest frequency, 
but even at l k i l z and'500°C, e» only reaches 12; thus the change with 
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temperature i s s m a l l . More pronounced e f f e c t s are seen on the tan6 
p l o t . Here the r a t e of r i s e of tan& i s f a i r l y r a p i d above 300°C; again 
the greatest e f f e c t occurs a t the lowest frequency but i t i s t o be noted 
t h a t the maximum value of tan& ( a t lkHz,500°C) was o n l y 0.1. These 
changes are very much smaller than those i n the corresponding e x p e r i -
ments' on the l i t h i u m s i a l o n s . This data on the pure s i a l o n s has not 
yet been analysed i n d e t a i l but i t appears from q u a l i t a t i v e i n s p e c t i o n 
t h a t the e f f e c t s are e n t i r e l y i n accord w i t h the p r e d i c t i o n s o f hopping 
theory. I n conclusion i t may be noted t h a t an independent examination 
of a 30m/o L i s p i n e l s i a l o n was made by R.I. S h a r i f using the same 
apparatus and technique as t h a t w i t h which the measurements on pure s i a l o n 
were made. The r e s u l t s are reproduced i n Figs. 6 i i i and 6 i v . I n these 
measurements a s p e c i a l l y ground t h i n s l i c e of ceramic was used. The de-
pendence of both e' and tan& on temperature and frequency r e p o r t e d i n 
Chapter 5 i s confirmed as i s also the f a c t t h a t the magnitudes of the 
changes are very much l a r g e r than i n the pure s i a l o n . The agreement i n 
tanS values i s good. The values o f e 1 (250 a t 450°C, 200Hz) appear to be 
r a t h e r lower than those obtained i n Chapter 5; t h i s i s probably a t t r i b u t -
able t o the d i f f e r e n t specimen geometry. '• However, the e f f e c t o f l i t h i u m 
a d d i t i o n on the d i e l e c t r i c p r o p e r t y of s i a l o n s i s c o n v i n c i n g l y i l l u s t r a t e d . 
6-2 Comparison w i t h Y t t r i u m S i a l o n Glass 
Some of the c h a r a c t e r i s t i c s o f the y t t r i u m s i a l o n glass have already 
been re p o r t e d . For example, F i g . 4v compared the a.c. i n s u l a t i o n con-
d u c t i v i t y of an y t t r i u m s i a l o n w i t h t h a t o f a 28m/o l i t h i u m s p i n e l s i a l o n 
and showed t h a t the behaviour of the two m a t e r i a l s was very s i m i l a r ; i n 
the low temperature r e g i o n the r e s u l t s were almost i d e n t i c a l . One 
d i f f e r e n c e was revealed and seems t o be associated w i t h composition. This 
i s the temperature a t which the exponential r i s e i n c o n d u c t i v i t y begins. 
For the 28m/o l i t h i u m s p i n e l s i a l o n t h i s occurs ( t a k i n g 500Hz data) at 
230°C whereas the corresponding changeover f o r the y t t r i u m s i a l o n glass 
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.takes place a t a considerably higher temperature of around 550°C. I t i s 
i n t e r e s t i n g t o note t h a t i n the pure s i a l o n the change occurs a t a much 
higher temperature than i n e i t h e r the l i t h i u m or y t t r i u m s i a l o n s ( F i g . 4 v i i ) . 
T e n t a t i v e l y , an explanation of t h i s may l i e i n the g r e a t e r number of i m p u r i t y 
centres produced i n the doped s i a l o n s which would cause, m u l t i p l e hopping ( i . e . 
the mechanism o c c u r r i n g i n the exponential region) t o be more l i k e l y a t lower 
temperatures. One may note also t h a t the a c t i v a t i o n energy f o r - t h e y t t r i u m 
s i a l o n i n the exponential r e g i o n i s 1.4eV as compared w i t h 0.7eV f o r the 
l i t h i u m s i a l o n and t h i s change can be d i r e c t l y a t t r i b u t e d t o the exchange 
of y t t r i u m f o r l i t h i u m . The s i m i l a r i t y i n the general form of the be-
haviour i s p a r t i c u l a r l y important as i t supports the view t h a t glassy phase 
e f f e c t s dominate i n the s i a l o n s . F u r t h e r measurements s u b s t a n t i a t i n g t h i s 
evidence have been made and these are b r i e f l y reviewed below. 
The temperature v a r i a t i o n o f t h e a.c. c o n d u c t i v i t y , d e r i v e d from measure-
ments on the Tfeyne-Kerr bridge a t 1.6kHz, i s shown i n F i g . 6v. Although 
there i s as y e t , not a l a r g e amount of low temperature data the exponential 
r e g i o n i s q u i t e w e l l defined and the room temperature r e s u l t s suggests a 
very marked departure from l i n e a r i t y i n t h i s r e g i o n . The general form o f 
the v a r i a t i o n i s s i m i l a r t o t h a t f o r the l i t h i u m s i a l o n s and the slope i n 
the exponential region y i e l d s an a c t i v a t i o n energy of 1.2eV f o r y t t r i u m 
s i a l o n glass; t h i s i s i n f a i r agreement w i t h the previous estimate. At 
room temperature the frequency d i s p e r s i o n of the a.c. c o n d u c t i v i t y (again 
derived from bridge measurements) has been i n v e s t i g a t e d i n some d e t a i l . 
The r e s u l t s are shown i n F i g . 6 v i . The v a r i a t i o n of l o g a a c w i t h frequency 
i s l i n e a r g i v i n g a value of s, the exponent i n equation 5-2 of 0.77. This 
value i s almost e x a c t l y the same as t h a t found f o r the l i t h i u m s i a l o n s . 
Furthermore, the room temperature v a r i a t i o n s of tan6 and e' w i t h frequency, 
•Fig. 6 v i i , show the same trends as the . l i t h i u m , s i a l o n s and, taken together, 
thooe two p i ceo:.; of evidence i n d i c a t e f i r m l y that the same type of hopping. . 
mechanism i s o c c u r r i n g i n both m a t e r i a l s . The s i m i l a r i t y extends also .to 
the high temperature, r e g i o n , i n which a r a p i d r i s e o f tan6 with, temperature 
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has also been observed, F i g . 6 v i i i . 
6-3 Future 7ork 
Due- to t h e i r e l e c t r i c a l degradation and higher e l e c t r i c a l con-
duc t i v i t y there i s no reason to use lithium sialons as i n s u l a t i n g mate-
r i a l s ; pure sialons would be a f a r better choice. The mechanical 
properties of the lithium sialons are no better than those i n the un-
doped sialons (Jama, 1975), and so there would be no advantage to be 
gained i n the environments i n which they could be used. Also the pure 
sialons have lower values of the d i e l e c t r i c loss which i s desirable i n a 
potential insulator. 
For use as high temperature d i e l e c t r i c s the lithium sialons may have 
potential since for t h i s purpose a high d i e l e c t r i c constant i s required 
which the lithium, s i a l o n s are c e r t a i n l y able to provide - values up to 
10* have been recorded at a temperature of 800°C. 
I t might be possible to use the very rapid v a r i a t i o n of the e l e c t r i c a l 
properties of the s i a l o n s i n a thermometric application. Their excellent 
high temperature corrosion r e s i s t a n t properties may be employable so as 
to give a thermometer i n the range 800 to 1500°C, a temperature range not 
very readily covered by available technology. 
For a l l the possible uses of the sialons mentioned above more detailed 
knowledge i s required of the e l e c t r i c a l properties of the new s i a l o n s , as 
they are made. The new s i a l o n glass s e r i e s have not yet been investigated. 
Such a study would not only'characterise the new materials but would also 
be helpful i n the understanding of the c r y s t a l l i n e sialons and shed further 
l i g h t on the mechanisms of conduction operating within these materials. 
Studies on samples i n the form of th i n s l i c e s have already been started; 
these w i l l give further information i n several ways. F i r s t l y , the d i f f e r e n t 
geometry w i l l indicate the effect of surface conduction, since the r a t i o of 
surface to bulk material w i l l be a l t e r e d . I t w i l l also indicate the extent 
to which the geometry i t s e l f has influenced the values of the data recorded. 
The second advantage of work on thin s l i c e s i s that i t w i l l allow more 
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^precise determinations of the values of the s i a l o n s 1 properties and t h i s 
i n turn w i l l be of value i n further determining the conduction mechanism. 
.This would be aided by more s t r u c t u r a l information on the place of the 
i a v ion i n the l a t t i c e , p a r t i c u l a r l y whether i t gOt:.s into the glassy phase 
or into the [3' c r y s t a l l i t e s . The present work suggests, but i s i n no way 
conclusive, that the lithium i s i n the glassy content. Indeed the glassy 
content i s i t s e l f very i n t e r e s t i n g and warrants further work. 
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APPEHDIX 1 X-ray powder photographs of 
a lithium si a l o n before and af t e r e l e c t r o l y s i s 
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